Introduction
Many parts in turbine engines used on electrical generation and aircraft applications, are protected with TBCs, especially MCrAlY alloys (where M = Ni and/or Co, Fe) are used as a bond coats between the substrate and other coating layers [1, 2] ; the idea is to protect these components at high temperature and improve the oxidation behavior. Nickel-based NiCoCrAlY alloy is used as bond coating between the substrate material and the ceramic top layer in TBCs [3, 4] , commonly deposited by thermal spray methods, this alloy is used more and more in complex components of modern gas turbine engines due to their adequate adhesion, high elastic moduli, elevated mechanical strength and good oxidation behavior [5] . The NiCoCrAlY alloy contains large amounts of Cr to increase corrosion resistance, with small additions of Y, which hardens the solid solution and improve the adhesion. This solid solution effect of these elements in combination with Co blocks the dislocation movements through the grain boundaries, enhancing the creep resistance, which is common of MCrAlY alloys [6] . Otherwise, an Al content between 8 and 15 wt.% slows down crystal growth, resulting in a thermally stable, adherent and continuous aluminum-rich oxide layer (mainly compose of ␣-Al 2 O 3 ) formed at elevated temperature [7, 8] . Furthermore, a high Al content increases the amount of ␤-(Ni,Co)Al phase, which contribute to the ␣-Al 2 O 3 formation in ␥/␤ MCrAlY coatings [9] . At high temperature the adherence of the formed oxide layer is influenced by the Y distribution in the material before the thermal deposition process [8] and after the deposition [10] , and it is key in the behavior of the bond coat and even of the TBC system. The laser metal deposition can be used to produce dense coatings through controlled overlapping of simple laser tracks, free of pores and cracks, which improves their oxidation resistance and integrity at high temperature. The technique can also be applied to both small parts and big components with complex geometries [11, 12] , and recently, not only coatings but near-net-shape 3D parts can be made using laser metal deposition or using selective laser melting, layer by layer, in an innovative additive manufacturing process [13] [14] [15] . The laser parameters, powder feed and shielding gas can be controlled to obtain low chemical dilution of with the substrate and to reduce possible defects in the coating [16, 17] .
At high temperature, metallic materials will inevitably oxidize in a different ways and in different conditions, and diverse interactions between chemical elements in the coating, the substrate material and the atmosphere can be expected, including decomposition, inter-diffusion, volatilization, diffusion and oxide scale growth [18] . In the early stage a fast oxidation reaction are present, and then the transient oxide products could include some metastable aluminum-rich oxides transformed during the exposure at high temperature [19] . In MCrAlY bond coats, the more external surface (opposite to substrate) is oxidized to form a thermally-grown oxide (TGO) that becomes the surface to which the subsequent layers (commonly ceramics) of TBCs adhere. The oxidation behavior of the coating and their life can be highly influenced by both coating quality parameters such as porosity level and the distribution of the MCrAlY constituents during the metal deposition process [20] . In fact, the oxide scales on MCrAlY alloys and in particular NiCoCrAlY are not pure ␣-Al 2 O 3 ; they can also contain Y-rich oxide inclusions and other common oxides, such as Cr 2 O 3 , NiO, CoO or (Ni,Co)(Cr,Al) 2 O 4 spinel oxides, as reported by different authors [8, [21] [22] [23] ; these last spinel oxides can form and cracking and eventually cause spallation of the oxide scale [24] . Many studies of hightemperature oxidation behavior in MCrAlY coatings obtained by HVOF [7] , APS, VPS or EB-PVD processes [22] or PVD + laser processing [23] have been published; however, there have been few studies of the high-temperature behavior of NiCrAlY coatings obtained using laser techniques [21, [25] [26] [27] [28] [29] , and very few with laser and the NiCoCrAlY alloy used in this work [30] . The laser metal deposition can be a novel alternative to thermal spraying process, improving the integrity and duration of NiCoCrAlY bond coats in new TBCs.
In this work, the performance of NiCoCrAlY laser coating at high-temperature was investigated using the isothermal oxidation test in static air at 1100 • C up to 200 h. The microstructure evolution of possible oxides formed on the surface exposed to the atmosphere and in the cross section of the oxidized samples were evaluated, not only using the standard characterization techniques as XRD, FESEM and EDS; we have used also the cutting by FIB, and the TEM analysis of Selective Area Diffraction Patterns (SADP) in the TGO scale to identify and index the possible oxides formed in order to evaluate their evolution with oxidation time and it microstructure assessment at elevated temperature in the NiCoCrAlY laser overlay coating.
2.
Materials, methods and experimental procedure 2.1.
Materials and laser processing technique
The raw material used for the coating was a NiCoCrAlY pre-alloyed powder supplied by Oerlikon Metco, specifically a Ni-rich powder called Amdry 365-2, mainly composed of 47.1% Ni (wt.%), 23% Co, 17% Cr, 12.5% Al and 0.4% Y. The particles have a spherical shape and a mean size diameter of 55 m (reported by the supplier). As a substrate, a coldrolled austenitic stainless steel (EN 1.4301/AISI 304) sheet with 10 mm thickness. After carrying out a detailed study of the laser parameters to guarantee a minimum dilution and an adequate aspect ratio, overlay coating (30 mm × 30 mm) has been obtained using a Nd:YAG solid state laser (Rofin-Sinar DY 022) in continuous mode with a maximum power of 2.2 kW (to ensure the highest efficiency and speed) and a wavelength of 1064 nm was used for this work. The diameter of the laser beam was 4 mm. The XYZ movement was achieved by a robotic-arm with five degrees of freedom (ABB IRB 2400 unit), with a velocity of 15 mm/s and a laser scan overlap ratio of 40% to obtain the NiCoCrAlY coating. Powder was supplied at a mass flow per unit length of 25 mg/mm using a Sulzer Metco Twin 10-C powder feeder and through the coaxial annular nozzle (Precitec YC50). As a shielding and powder carrier gas, Helium at flow rate of 20 L/min was used.
Powder characterization and coating microstructure
The granulometry of the powder was measured by using the laser diffraction method; a laser beam was diffracted through the particles suspended in distilled water using a Mastersizer 2000 laser diffractometer, in order to obtain the distribution and variations in particle diameter size. The morphology of the powder particles and the measurement of the chemical composition were obtained by means of SEM images and semi-quantitative microanalysis by EDS. The XRD analysis was carried out on a Philips X'pert using monochromatic Cu K␣ radiation ( = 0.15406 nm). The XRD patterns have been obtained for the 2 range between 20 • and 90 • and for the analysis of the patterns the X'Pert Plus (PANalytical) crystallographic analysis software has been used. For microstructural characterization of both the coating and the substrate, samples were cut and the cross section was prepared metallographically for further analysis by backscattered electron images (BSE) of the microstructure with different magnifications in a scanning electron microscope Jeol JSM6300 and in a field emissions scanning electron microscope Zeiss ULTRA55. Microanalysis was used to obtain the semi-quantitative measurements of the chemical composition by means of X-ray energy dispersive spectroscopy, using an X-Max Oxford Instruments system with a 20 mm 2 X-ray silicon drift detector (SDD) installed in both the SEM and the FESEM. For advanced microstructural analysis, a transmission electron microscope Jeol model JEM 2100F 200 kV with field emission gun (FEG) was used for conventional and high-resolution (HRTEM) analysis, which incorporates digital scanning tools in TEM mode (STEM), and equipped with EDS (Oxford Instruments) SDD detector.
Isothermal oxidation tests at high temperature
To evaluate the behavior and microstructural evolution of the NiCoCrAlY coating at high temperature, isothermal oxidation tests were performed at 1100 • C, for different times and up to 200 h in static air atmosphere using a GALLUR MC-1 furnace. Before the oxidation tests, the as-built coating surface was rectified or trimmed with silicon carbide paper (#500) to obtain a regular surface (Ra = 0.17 ± 0.05 m), and samples of coating were cut using a precision cutting machine into square samples of 7 mm × 7 mm × 0.5 mm (coating material only). Different oxidized samples (coating samples and one substrate sample) were removed from the furnace at various intervals (5, 10, 25, 50, 100 and 200 h) and air cooled to room temperature. The increase in the weight of the samples after the oxidation test was measured using a precision analytical weight balance (KERN 770-60) with a sensitivity of 0.01 mg. The oxidized surface was evaluated by XRD, FESEM with EDS microanalysis, and the cross-section of thermal growth oxides were evaluated through TEM with SADP and STEM. The oxide layers were cut using the focused ion beam (FIB) method with a liquid Ga column into the FESEM (Zeiss AURIGA Compact), and was then analyzed in situ by EDS and BSE imaging. The TEM thin lamellas were cut also by FIB and extracted with an Omniprobe nanomanipulator for its subsequent TEM analysis. 
Results and discussion

Powder size and morphology
The pre-alloyed NiCoCrAlY alloy powder used in this work showed a spherical morphology, typical of the gas atomization process [31] , and the results of size analysis after laser diffraction analysis revealed that a cumulative 10% mass-volume of the particles had a diameter of less than 40 m for the NiCoCrAlY powder; 50% of the particles had a diameter of less than 55 m; and a cumulative 90% mass-volume of the powder particles had a diameter of less than 76 m. The particle's shape and size (particle diameter) of the powder, shown in Fig. 1 , is very important for the laser metal deposition process using a coaxial nozzle, because the adequate flowability of the powder determines the final quality of the laser coating. Tw o phases can be distinguished in the powder feedstock according to XRD analysis, consisting of ␥-Ni(Cr) and ␤-NiAl, due to the Al content in the Ni-based alloy.
Microstructure in the initial NiCoCrAlY laser coating
In the LMD and LC processes many variables are involved, which require the study of the aspect ratio (geometry) and chemical dilution with the substrate of single laser clad tracks before creating extensive overlay coatings or additive manufacturing parts. In previous works made and published by the authors [32] [33] [34] the laser cladding parameters were studied in MCrAlY alloys, in order to obtain a suitable geometry, homogeneity, low level of defects, low dilution and good metallurgical bonding with the substrate. In this study in particular with NiCoCrAlY alloy, a high velocity, high powder feed rate and high laser power were combined to build an overlapping NiCoCrAlY coating, with fast processing to increase process efficiency. The specific laser energy (36.67 J/mm 2 ) and the combination of parameters described in Section 2.1, combined with a 40% overlap recommended in recent studies [16, 35] , allowed us to obtain adequate NiCoCrAlY laser coatings for the present study.
After measurements made by image analysis, the mean thickness (10 measures) for laser NiCoCrAlY coating was 837 ± 26 m (Fig. 2a) . In the BSE images (Fig. 2b) we can see a dense coating with a homogeneous cellular structure and minimal dilution zone with the austenitic stainless steel substrate (less than 2 m). In addition to having a dense coating with low dilution, a low percentage of porosities and lacks of fusion are observed. The microstructure in the cross-section have a cellular structure (Fig. 2b) , possibly due to a combination of a high growth rate (>10 −3 m/s) and low thermal gradient (<10 4 K/m), which favors cellular and equiaxed dendritic growths [36] . Elementary chemical analysis performed by EDS micro-analysis revealed the presence of two main phases in NiCoCrAlY coating: a gamma phase matrix and a disperse beta phase, the ␥-Ni matrix phase (light gray) which has Cr and Co elements in solid solution, and ␤-NiAl phase (dark gray) that is rich in Al, also with Co in solid solution. In Figs. 2b and 3 we can see Ni-Y rich zones (bright white areas), that are present in some ␥/␤ and ␥/␥ grain boundaries and in some cases near to pores and un-melted particles.
The ␥/␤ microstructure in the NiCoCrAlY laser coating was confirmed by DRX analysis. The primary solidification phase is ␥ dendrites; ␤ phase (aluminum rich) is formed in the intercellular regions by the residual eutectic reaction of the aluminum at the end of the fast solidification, and solid state precipitation occurs. Nucleation is prevented, and the oriented cellular ␥ dendrites are observed in the as-built condition with similar orientation (direction of growth). Some Ni-Y rich zones, that appear bright-white, are present in some ␥/␥ and ␥/␤ grain boundaries as seen in the chemical composition maps in Fig. 3 . The Y-rich areas are randomly distributed in the matrix, but they are always close to the grain boundaries or around the porosities.
In the interface coating-substrate, the dilution and mixing of some elements (such as Fe, Co, Al and Y) with Ni-Cr due to the Marangoni effect between the coat material and substrate, generates a gradual variation in the chemical composition that influences the obtained microstructure in the coating and dilution zone. Higher Fe concentrations in the solid solution formed near to the substrate during solidification was measured, and the ␤ phase decreases in the dilution zone, while a higher aluminum content increases the amount of ␤ phase, and this element stabilizes the ␤ phase, which is harder than the ␥ phase [37, 38] . In a previous work published by the authors with the development of MCrAlY laser coatings with different Al content [39] , it was observed that there is twice the amount of ␤ phase measured in different areas of the microstructure for this ␥/␤ NiCoCrAlY coating, due the aluminum content of this alloy (approx. 12 wt.%), in comparison with ␥/␤ CoNiCrAlY coating (approx. 8.5 wt.%) produced with the same parameters. This confirms that, in the laser processing of MCrAlY alloys, aluminum stabilizes the ␤ phase in the intercellular spaces at the end of rapid solidification.
It was possible to confirm the two main phases in NiCoCrAlY laser coating by indexing them in the electron diffraction patterns obtained in TEM. Fig. 4 shows the dark field (DF) image of the NiCoCrAlY coating, and in the right of Fig. 4 , the SADP indexed for the ␥-Ni (fcc) phase on the axis of zone [011] is shown. Similarly, in Fig. 5a , the bright field (BF) image corresponding to a zone of the ␤ phase is shown, as well as the indexed SADP of this ␤-NiAl phase (bcc) on the axis of Zone [101] , where the high-resolution image of the structure of this phase is also shown (Fig. 5c) , with different directions being observed in the atomic columns of the crystalline structure. Besides ␤-NiAl phase, the nanometric precipitation can be associated with gamma-Ni 3 Al (␥ ′ ) intermetallic phase, which is common in Ni-based superalloys and are useful for high temperature applications. Fig. 5c shows in detail in high resolution image (HRTEM) the occurrence of precipitates of Ni 3 Al (␥ ′ ) around 5-10 nm was observed.
Microstructure of oxidized NiCoCrAlY laser coating
In the oxidized coating samples no spallation or cracks in the surface were observed after oxidation tests (even up to 200 h). The oxidation behavior of this NiCoCrAlY and other CoNiCrAlY laser coatings through weight gain analysis has been reported by the authors in two previous works [34, 40] ; the analyses that were carried out next are considered an extension of these works in order obtain a more in-depth analysis of their microstructural evolution at high temperature for the NiCoCrAlY coating. The weight gain with the oxidation time in the NiCoCrAlY laser coating is higher than that of CoNiCrAlY laser coatings [40] , but 50 times lower than the substrate (stainless steel) weight gain. This indicates that a thicker oxide layer is formed by the effects of the high temperature and atmosphere on the NiCoCrAlY coating, which can be considered positive, provided that the layer adequately protects both the coating itself and the substrate under similar service conditions.
The study of the external oxidized surface has provided a good approximation of the oxidation kinetics and the evolution of the possible oxides, mainly in the TGO layer [40] . Therefore, a study of the microstructural evolution in the cross section of the oxide layer formed at different oxidation times, identifying the oxides present, as well as inclusions, was carried out. Diverse authors affirm that the first stages of the oxidation phenomena at high temperature in the MCrAlY alloys generally come from the simultaneous evolution and formation of a continuous layer of alumina, preceded by an initial stage of very rapid oxidation of the elements, forming Inclusions of Y-rich oxides may appear in the vicinity of the initial Yttrium inclusions in the coating [10, 21, 22, 45] , because Yttrium is a reactive element. The formation of the alumina layer depends not only on the diffusion of aluminum and the depletion of the ␤-NiAl phase present [9] , but also on oxide inclusions within the thermally-formed layer [10, 21, 42] . The NiCoCrAlY laser coating presents a stable Al 2 O 3 TGO layer after 10 h at 1100 • C, as shown by the results obtained from stoichiometric oxides calculated from EDS microanalysis measurements, and by the strong peaks found in the X-ray diffraction pattern (Fig. 6) . Non-protective oxides formed in the initial stage are not detected by XRD analysis due to their low thickness (and irregular crystals) in the oxidized surface, compared to the thickness of the alumina layer, even after just 5 h of oxidation.
The quantity of Al in NiCoCrAlY alloy and the initial ␥/␤ cellular microstructure in the coating in as-built condition allows the growth of Al 2 O 3 in a single compact layer, with some inclusions of Y-Al oxides (Y 2 O 3 /YAlO 3 ) that have precipitated within the stable Al 2 O 3 , as observed in FESEM micrographs of the oxide shell cross section (Fig. 7a-c) , because the solubility of the yttrium in the alumina is very low.
These inclusions of Y-Al oxides are strongly dependent on the initial distribution of the Y inclusions in the laser coating, and may affect the growth kinetics of the thermally grow oxides in the static air atmosphere at 1100 • C. In this aspect, the total melting process that occurs during the laser metal deposition contributes to a uniform distribution of Yrich zones, as observed in the microstructural analysis of the coating as-built (Figs. 2a and b and 3) , and allows a homogeneous distribution of Y-Al oxides (Y 2 O 3 /YAlO 3 ) after oxidation at high temperature, as seen in Fig. 7a-c ; this is in contrast with the conventional thermal projection process, since, without complete fusion of the particles, the homogeneity of Y-rich zones is reduced.
To confirm the oxides present and initially identified in the TGO layer, a thin lamella of the NiCoCrAlY coating oxidized for up to 50 h at 1100 • C was prepared by FIB (cut and mill polished), without destroying the surface oxide scale formed during the oxidation test. The entire TGO as well as the nonoxidized material of the adjacent coating were later observed in the TEM, which is shown in detail in the STEM mode micrograph of Fig. 8 , confirming that the lower oxide layer corresponds to alumina, according to the spectrum obtained by EDS. In the area of the coating adjacent to it, only the ␥-Ni phase is observed, due to the aluminum depletion [9] in the zone adjacent to the TGO, which is in line with the mechanism of aluminum diffusion for the growth of the stable ␣-alumina layer proposed and recently reported by other authors in NiCrAlY alloys [19, 21, 46] and in laser cladding with the NiCoCrAlY alloy [47] . The indexation of the ␥-Ni phase is observed in the SADP shown in Fig. 9a . As observed in the FESEM micrographs in Fig. 7 , there is no scaling, peeling or spallation of the oxide scale, and good adhesion to the coating is shown; as mentioned in Section 3.2, dense NiCoCrAlY bond coats can be manufactured using coaxial laser deposition technique or laser cladding. In Fig. 8 (left) , we can see an increase in pores (which are characteristic of the upper oxide layer due the initial crystal growth of non-protective oxides), and all layers that make up the TGO were observed. This layer is composed of a layer of ␣-alumina (in the middle) and a porous zone of different spinel oxides (at the top) which were identified previously in the XRD analysis (Fig. 6) .
Near the TGO scale a gamma phase is predominant (Fig. 9a ) in the coating due to Al depletion zone already evident at 50 h of oxidation. In this condition it was possible to identify and confirm the three types of oxides visualized for this condition via SADP analysis in TEM. The crystals of the ␣-Al 2 O 3 dense layer (in the middle) are observed in Fig. 9b with their corresponding SADP, whereas in Fig. 10 we can see the YAlO 3 -type aluminum-yttrium oxide accompanied by a high-resolution image of the atomic arrangement of this oxide's structure. This YAlO 3 oxide particle is found between the alumina layer and the porous upper layer of oxides with spinel structure. In the samples observed in FESEM with a longer oxidation time, this type of oxide is observed as an elongated and distributed inclusion within the alumina layer. In this work, we could not find the Al 5 Y 3 O 12 phase reported for similar oxidized NiCrAlY laser coatings with higher yttrium content in the alloy [21] . The reflections of the YAlO 3 particle observed in the SADP (Fig. 10b) are attributed to the alumina surrounding the particle, so it is difficult to index the zone axis corresponding to the electron diffraction shown. Fig. 10c shows high resolution image (HRTEM) YAlO 3 oxide, and the purpose in this case was only extract d-spacing's (dhlk) of the YAlO 3 oxide phase, to give support to the indexing and identification of the phase. The spinel oxide layer observed toward the surface of the TGO layer is porous, which favors the diffusion of oxygen into the TGO and, in turn, promotes stable growth of the underlying alumina layer. Fig. 11 shows the transmitted electron diffraction pattern and the high-resolution image of these (Ni,Co)(Al,Cr) 2 O 4 -type spinel oxides in the 50-hour sample. TGO layer densification occurs after 100 h for this coating. HRTEM image of (Ni,Co)(Al,Cr) 2 O 4 oxides in Fig. 11c shows in detail fine nanoscale precipitates (showed in bright in Fig. 11a ) which can well defined in HRTEM micrograph as 2-3 nm nanoprecipitates, coexisting within (Ni,Co)(Al,Cr) 2 O 4 oxides. Further TEM study and characterization would be required in order to identify precisely the origin of these fine nanoscale precipitates.
The formation kinetics of the oxide layer can be explained as follows. During the initial stages of oxidation (even before one hour), a mixed oxide (NiO, CrO) and in particular Cr 2 O 3 oxide is formed on the oxidized surface, due to the high concentration and the high inter-diffusion coefficient of Cr; also, a partial inner ␣-Al 2 O 3 layer is formed from the -Al 2 O 3 phase transformation during this initial stage. The enhanced nucleation of -Al 2 O 3 at the surface assists in the formation of ␣-Al 2 O 3 and thus results in a thicker protective ␣-Al 2 O 3 layer [19] , which is already stable at 5 h of oxidation, as seen in Fig. 7a . The pores observed in the outer layer in the TGO (Figs. 7a and b, 8 and 9 ) may appear due the oxides' crystal growth orientation (irregular columnar growth in several directions) in the initial oxidation stage. In fact, the spinel oxides formed from these are quite often porous. The Y 2 O 3 /YAlO 3 oxides are always present in the TGO, as explained above, due the initial yttrium inclusion distribution in the laser coating. The thickness of the ␣-Al 2 O 3 layer (only) at 5 h is 1.20 ± 0.17 m; at 50 h, it grows to 2.04 ± 0.12 m (the rest being the porous top layer), and at 200 h of oxidation the densification is almost complete, attaining an ␣-Al 2 O 3 thickness of 4.54 ± 0.38 m. The densification of the TGO layer occurs between 100 and 200 h, as can be observed by FESEM after the milling and cut trenches on the edge of the oxidized sample showed in Fig. 7c. 
Conclusions
The NiCoCrAlY coating obtained have an adequate metallurgical bond with substrate, and the coaxial laser metal deposition process allows to obtain dense coatings with low dilution and low level of defects. The microstructure in as-built condition is composed of a gamma Ni matrix phase and a beta Al-rich phase in a cellular microstructure. No cracks or spallation on the oxidized surface were observed in the coating after oxidation tests at 1100 • C, up to 200 h. The evolution of the TGO begins with the fast initial formation of non-protective oxides NiO, CrO and (Ni,Co)Cr 2 O 4 , spinel oxides (Ni,Co)Al 2 O 4 , and Cr 2 O 3 oxide. After 5 h, a stable ␣-Al 2 O 3 growth occurs, with some inclusions of yttriumaluminum oxides (Y 2 O 3 /YAlO 3 ) that precipitate and are evenly distributed in this dense layer, and a porous top layer of spinel oxides remains near the surface. After 100 to 200 h of oxidation, the TGO layer is densified and the inclusions of yttrium-aluminum oxides remain, providing the necessary adhesion to prevent spallation or cracking.
The three main oxides present in the TGO scale (␣-Al 2 O 3 , YAlO 3 and (Ni,Co)(CrAl) 2 O 4 ) were identified and indexed by TEM, which has allowed us to explain the microstructural evolution of the thermally-oxidized NiCoCrAlY laser coating and prove the good adhesion results observed in the obtained oxide layer without any kind of spallation after 200 h of oxidation at 1100 • C.
The NiCoCrAlY laser coating forms a unique, stable and thicker ␣-Al 2 O 3 TGO layer after 200 h at high temperature. The results confirm that coaxial laser metal deposition is a good alternative to thermal spray processes to obtain a good-quality bond coat, and that the NiCoCrAlY alloy is able to form a continuous and stable ␣-alumina layer with excellent adhesion that acts as a thermal barrier, blocking oxygen diffusion to the coating/substrate, and improving its behavior at high temperatures.
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